A microstrip-to-waveguide transition has been realized for radio astronomy applications, designed to operate in the Q-band (33-50 GHz). As part of an array radio frequency (RF) receiver, the main requirement of such a transition is the reduction of transverse space occupation for the integration in the entire receiver chain, so an in-line configuration has been developed. Moreover, the high frequency band implies that an easy fabrication is a critical requirement if a good match between the two guiding structures is to be obtained in the desired band (with a relative bandwidth of 40%). The combination of CAD software and an optimization tool allows the device to achieve a good return loss over the entire band.
Introduction
Radioastronomy deals with radio frequency (RF) signals from space. The detection of such waves, with a very low energy, requires large antennas in the microwave and millimeterwave spectrum. Generally speaking, they consist of a parabolic dish and a feed placed in its focus, and this feed collects the waves reflected by the paraboloid. Then, the signal caught by the feed is manipulated by means of a set of devices which form the receiver system.
The heterodyne receiver is a common solution for radioastronomy applications. It converts the RF input into an infrared frequency (IF) input at a lower frequency and keeps the same information [1] . Since the signals caught from the antenna are very low in power, the components of the receiver chain must have low losses and noise [2, 3] . Moreover, the high frequencies of certain signals processed in radioastronomy require very small devices, whose constructive tolerances play a critical role in the design.
Multi-feed receivers are usually employed in modern radiotelescopes, since they allow for a quick sweep of the region to be observed. In addition, multiple receptions from the same point of the sky provide a large dataset of detections and allows for the removal of atmospheric interference from the data [4] . A typical feed for an RF receiver is a two-dimensional array of corrugated horn antennas. The horns of the multi-feed system should be as close as possible to the primary focus of the radiotelescope, and close to each other, since their position determines the optical path of the rays reflected from the dish. Horn antennas are easy to construct and are characterized by a high gain and, at high frequencies, low losses. Moreover, they guarantee the wide-band operation required in radioastronomy [5] (around 40%). The entire front-end of the receiver (basically, horn and low-noise amplifier) works at high frequency and is built using waveguide technology. The part of the system that operates at IF is usually realized in planar technology, which provides a more compact solution. The connection between different devices is a crucial point in a transmission system, and appropriate transitions are necessary so that signal information is not altered, and the required bandwidth and a low insertion loss are ensured. The waveguide-to-microstrip transition is the most common interface between horn antennas and planar circuits in microwave and millimeter-wave systems, and it is immediately followed by the mixer. The limitation in space due to the multifeed configuration implies that the typical transition, where the microstrip is inserted in the E-plane of the waveguide to couple the fields, is not a feasible solution. A collinear transition, which keeps a small transverse size of the system, is preferred.
In-line transitions involving waveguides have been investigated since the 1950s, when Wheeler [6] studied the transition from waveguide to a coaxial line with a frequency band of more than 30%. The inner conductor of the cable enters the waveguide, and it is shorted to one of the broad faces of the guide. A step-ridge transformer on the opposite face completes the matching. As regards the waveguide-to-microstrip transition, an in-line configuration was proposed by Yao [7] in 1994, who, in terms of mode matching, performed a full wave modal analysis of the discontinuity between the microstrip and the ridge waveguide. Deslandes [8] presented a particular transition where the waveguide is integrated in the same microstrip dielectric.
Several end-launcher transitions have been investigated by the scientific community. A possible solution consists in the insertion of antennas in the waveguide. In [9] , a coaxial-fed circular patch, placed parallel to the waveguide back-short, is presented, with a very compact geometry, but the patch's return loss is only good for part of the X-band. A planar quasi-yagi antenna launcher [10] , inserted in the E-plane of the waveguide, with a director element coupled to the microstrip line, provides a quite-flat return loss of 12 dB on a 40% bandwidth (in the X-band). However, the geometry on which this planar launcher is based is quite complicated. A bow-tie antenna [11] provides a 36% bandwidth (a return loss larger than 15 dB between 8.80-12.70 GHz) through capacitance compensation, which enlarges the dimension of the transition and increases the complexity of the printed launcher. An antipodal finline [12] consists in a curved geometry with a compact design, and the simulated results provide a return loss of around 20 dB in the W-band in the back-to-back transition. This configuration requires another transition between the microstrip and the launcher, as well as two shaped metallizations on both sides of the dielectric. A transition in the W-band between a microstrip patch and a full waveguide has been presented in [13] . This transition consists in a multistep geometry: an initial transition between a patch and a dielectrically filled reduced height waveguide (whose height is equal to the thickness of the microstrip substrate), a connection between the dielectrically filled waveguide and a standard WR10 through a tapered substrate, and a multi-section Chebyshev transformer with different heights. Such a transition covers the entire W-band with a return loss of more than 15 dB. Finally, a design for the V-band with an impedance transformer and a direct short of the patch on the first ridge of the Chebyshev is presented in [14] .
The aim of this work is the design of an in-line transition between a microstrip on an alumina substrate and a typical WR-22 waveguide (with dimensions of 5.69 × 2.84 mm) in the Q-band (33-50 GHz) receiver of the Sardinia Radio Telescope. The transition is designed to be placed between the antenna and the module of down-conversion from the Q-band to the IF of 1-1.8 GHz. A high return loss is required over the entire operating band if the quality of the signal is not to be affected.
The launcher is built using microstrip technology and consists on a simple small patch matched to the waveguide through a ridged configuration, on which the patch is shorted, and a shaped back-short. A Chebyshev impedance transformer provides the matching from the ridge to the full waveguide, and it has been optimized through the PSO algorithm to balance the effects of the discontinuities. Such a geometry does not require any modification in the height of the waveguide, nor the application of antennas with complex geometry such as bow-tie or quasi-Yagi. This increases the ease of fabrication and the compactness of the project: the launcher is less than 1 mm long, whereas the impedance transformer is about 1 cm. The performance of such a transition provides a high return loss (>20 dB) over the entire Q-band.
Design

Theoretical Model
The transition between the microstrip and the WR22 waveguide has to accomplish two different requirements: impedance matching and a modal conversion between the two devices. The modal conversion from the quasi-TEM mode in the microstrip to the TE 10 in the WR-22 requires a structure that is a trade-off between the devices in terms of field distribution. On the other hand, the matching between the low impedance of the microstrip and the high impedance of the waveguide is obtained using a section of ridged waveguide with stepped ridges.
The launcher is inserted from the back-short of the waveguide and lies on a plane parallel to the wide side of the waveguide, such that the E-planes of the two devices are parallel (Figure 1) . The strip enters close to the upper wall, at a very small distance from that wall. The dielectric slab is below the strip (Figure 2 , right), such that a very small air gap exists between the strip and the upper waveguide wall, and a large vertical electric field is produced in this air gap. The microstrip is centered along the wide side and placed with an offset along the small side, close to the metallic wall (in dark grey, Figure 2 ). The waveguide transverse field configuration at the patch section fits the field in a ridged waveguide: it is concentrated in the center (the ridged zone) of the wide side, whereas it is weak in the rest of the transverse section; in this way, the transition couples the fields in the two devices. Figure 3 shows the field distribution on the transverse sections of the guide in correspondence of the patch (left) and the first ridge (right). The dielectric slab (shown in blue in Figure 2 ) is placed on a ridge (in light grey) centered along the long side of the waveguide. The final configuration is shown in Figure 4 . The size of the ridge is strongly related to the position of the end-launcher along the narrow side of the waveguide. The end-launcher is shorted on the ridge, so this is a crucial point to be taken into account. The height h 1 of the first ridge after the substrate is aligned with the offset of the patch and is slightly lower than the short side of the waveguide b. This step is then matched to the full waveguide through a ridge stepped transformer. Finally, the shape of the back-short of the waveguide is a further parameter used to reach the desired matching.
Design
The microstrip was built on an Alumina 98% substrate (thickness 0.127 mm, r = 9.8, tanδ e = 0.006). Such a substrate terminates inside the waveguide on the first ridge, whereas the ground metallization is present only in the part outside the guide. The waveguide is made of aluminum, and the strip metallization is copper. Figure 2 shows the geometry of the transition from the top and from a side. Figure 5 provides a focus on the launcher. The patch lies on a dielectric slab Wd wide. The offset of the microstrip with respect to the center of the guide is s = 1.3 mm (see Figure 2) . The desired return loss is obtained by modeling appropriate matching elements in the microstrip and in the waveguide. The patch is matched to the 50 Ω line by shaping its rear part and is shorted to the ridge through a via hole, as shown in Figure 5 . The via hole connection provides a better ground short circuit compared to the short circuit realized with a two-component glue (like EPOXY H20E), which can affect a perfect contact. In particular, the via avoids the drawbacks due to the series resistance that the glue forms between the patch and the ridge. Furthermore, it avoids the undesired thickness variation caused by the glue deposition, which modifies the air gap between the strip and the waveguide wall. The relative size of the via hole diameter is sufficiently large (0.5 mm) to allow for easy operation, and this affects the size of the patch. The patch consists of a rectangular part with a size of Lp 1 × W p 1 and a tapered part with widths of W p 2 and W p 3 , and a length of Lp 2 , which matches the rectangular patch with the 50 Ω line (Ws = 0.127 mm wide). The values of Lp 1 and W p 1 are, respectively, 1.35 mm and 0.55 mm, and they are strongly influenced by the via hole. This results in a larger size of the patch with respect to a standard radiating patch on such a substrate. The tapered part of the patch has dimensions of W p 2 = 0.69 mm, W p 3 = 0.5 mm, and Lp 2 = 0.2 mm.
The impedance matching can be achieved by enlarging the short side of the guide in the first step, but the need for a compact structure leads to obtain the same results by modifying the shape of the back-short. Such a cavity acts as a tuning stub whose reactive behavior is used to improve the matching in the transition. Due to the complexity of the structure, and the coupling between the discontinuities and the patch, a parametric sweep has been applied to determine the optimal size of the back-short. The first step of the ridged section, in correspondence to the tapered section of the patch (bl2 = l p2), has a reduced height of bh2 = 1.7 mm. Moreover, as shown in Figure 2 , a shaped hollow has been applied behind this, with a size of bl 1 = 0.2 mm and bh 1 = 1 mm, allowing for a two section "tuning stub." In this way, the transverse section of the device is not increased.
The matching between the ridge where the patch is shorted and the full waveguide requires an impedance transformer. Ideally, a tapered transformer provides the best solution. However, the request of a very compact transition results in a multi-step transformer. A solution that guarantees a compact geometry in as few steps as possible is the Chebyshev transformer [15] .
Optimization
The Chebyshev transformer is described analytically in [16] , and the theoretical values of the impedances can be easily obtained. The realization of such a transformer using ridge waveguides, however, is by no means straightforward. First of all, only approximate expressions are known for the (power-current) impedance of ridge waveguides [17] . Moreover, the behavior of discontinuities between ridge waveguides with different ridges in quantitative terms is even less known. However, since each discontinuity has a reactive effect, we expect that the length of each transformer section be different from the nominal λ/4 and must be optimized during the design phase.
Typically, the devices involved in the receiving chain must have a return loss higher than 20 dB. The requirement of a compact solution reflects the use of a small number of ridges; on the other side, the return loss improves by increasing the number of steps of the transformer. Therefore, in order to obtain such a return loss with a few ridged waveguide sections, the lengths of the sections and the heights of the ridges must be very accurate, and an automatic optimization procedure is needed. Thus, by imposing the same width for all the ridges, equal to w = 1 mm, the optimization involves the heights (which modify the impedance value) and the lengths (which balance the reactive phenomena) of each ridge step by using suitable CAD software, which provides precise numerical solutions.
A five-step transformer was chosen, so 10 variables need to be optimized. For quicker convergence, such variables have been defined starting from the analytic values [17] evaluated at a central frequency of 41.5 GHz, and the optimization variables are the additional correction terms. Let h * t , l * t be the height and length computed for a generic step, and the final values h t ,l t will be modified by the values ∆h, ∆l to be optimized:
The optimization is obtained by applying the PSO algorithm through a synergistic operation of Matlab and HFSS ( Figure 6 ). The PSO iteratively manipulates the variables to be optimized according to some mathematical formula, to find the best solution of the problem in a determined solution space [18, 19] . The main task of every optimization procedure is the evaluation of the objective function for the present values of the variables. In our case, the geometric parameters of the transformer, i.e., the optimization variables, computed at each step by the PSO are passed to HFSS. Its finite element solver then computes the return loss of this transformer configuration and, from it, the value of the objective function. The latter is simply the lowest return loss in the required bandwidth. 
Results
The final configuration of the transition is shown in Figure 4 . The device was simulated using Ansys HFSS, a finite element method commercial software, particularly suited for the simulation and design of waveguide structures and antennas [20] . Very good agreement with experimental measurements [21] was found, even at millimeter wave frequencies [22] [23] [24] . The waveguide sections are modeled as aluminum, and the microstrip metallization modeled as copper. The transition is only 11.69 mm long (from the back-short of the waveguide to the last ridge), in agreement with the compactness requirement. By considering an indefinite length waveguide, the return loss is evaluated on a section of the microstrip and constitutes the objective function optimized by the PSO. Figure 7 shows a return loss greater than 24 dB over the entire Q-band, ensuring wideband matching. The insertion loss was measured between the same section and the full waveguide, beyond the impedance transformer. The insertion loss was lower than 0.26, so a good power transmission was provided. Finally, Figure 8 shows the ridges that constitute the impedance transformer, whose optimized dimensions are listed in Table 1 . The first ridge touches the back-short of the waveguide and provides the short for the end launcher: the via hole (on the left in Figure 8 ) passes through the substrate and shorts the patch. 
Conclusions
In this paper, an approach to the design of an in-line waveguide-to-microstrip transition has been described. It consists in a via hole, which shorts the launcher on a ridge impedance transformer, and requires the modification of the waveguide back-short. The final geometry is simple in order to guarantee easy fabrication and integration, and provides a high return loss in the entire Q-band. It is scalable at lower, and possibly higher, frequencies, even if, especially in the latter case, further investigation into the mechanical tolerances of the fabrication process is required.
